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Electrochemical deposition from Ni 2+ and Fe 2+ using sulfate and nitrate solutions is carried out under gal- 
vanostatic regime. The resulting films are oxidized and examined in lithium test cells as potential anode 
materials for lithium-ion batteries. X-ray diffraction, XPS and SAED-TEM analyses revealed a thin film 
based on nanocomposite NiO and Fe 2 0 3 . Cycling studies show the smallest discharge polarization ever 
reported during the conversion reactions of metal oxides at ~0.8 V. Unlike typical transition metal oxides, 
the amorphous oxidized material exhibited low irreversibility from first to second discharge (~15%) and 
a distinctive plateau on consecutive discharge branches. The changes in the film thickness on increasing 
deposition time and the crystallization phenomena on annealing the deposits strongly affect the electro¬ 
chemical behavior. The present approach allows preparing a powder free electrode with improved cou¬ 
lombic efficiency directly on the current collector and opens a set of novel preparation routes in this field 
with intriguing results. 

© 2013 Elsevier B.V. All rights reserved. 


1. Introduction 

The last few years have seen renewed interest in solid state bat¬ 
teries. Two examples are Planar Energy Company in Florida, and its 
solid-state lithium-ion battery design that can deliver three times 
the energy density of earlier lithium-ion batteries at less than half 
the cost per kilowatt-hour [1 ]; and Toyota, that in partnership with 
academic researchers have recently developed a prototype solid- 
state battery [2]. Since the battery can easily be processed into 
sheet form, it can store several times the amount of electricity, vol¬ 
ume for volume, than the current generation of electric vehicle bat¬ 
teries, according to the developers. This added capacity may 
extend the maximum driving distance per charge for compact 
EVs to around 1000 km [621 miles] from the 200 km or so for exist¬ 
ing vehicles. 

Electrode materials for all-solid-state batteries can be prepared 
by electrochemical procedures. The advantages of electrochemical 
preparation routes include: (i) film formation onto current collec¬ 
tor; (ii) control over layer thickness and active material, (iii) effec¬ 
tive packing of electroactive materials, (iv) multilayer deposits 
without separator, (v) additives (binder or conductive) are avoided, 
and (vi) good contact with the electrolyte is assured. Experimental 
procedures to obtain the electrode material films can be found 
among anodization and electrochemical deposition techniques. 
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Recently, we studied the use of Ti0 2 nanotubes prepared by 
titanium anodization [3,4]. The resulting nanostructured elec¬ 
trodes showed enhanced lithium storage capacities per area unit, 
as compared with compact layers of the same material. In an at¬ 
tempt to further increase the capacity of the electrodes, composite 
materials were prepared by two different strategies. The first one 
was to combine nt-Ti0 2 with SnO x nanowires, which were electro- 
deposited on the freshly-prepared Ti0 2 films. The resulting com¬ 
posite increased by a factor of two the initial capacity by a Li-Sn 
alloying mechanism [5]. A second strategy was found to be even 
more effective: electrodeposition of iron followed by mild oxida¬ 
tion to Fe 2 0 3 , which acted as a conversion electrode material. 
The resulting reversible capacities were significantly larger than 
in the previous studies. However, these composite electrodes were 
penalized by a common factor affecting conversion electrode 
materials: A pronounced irreversibility of the first cycle, leading 
to poor coulombic efficiencies [6]. 

A completely new strategy was recently reported for Fe-Co-Ni 
deposits, which avoided the use of titania substrate while showing 
high areal capacities and unexpectedly high coulombic efficiency 
in the first cycle. The method combined electrodeposition of the 
transition metal ions on the surface of clean titanium surfaces, fol¬ 
lowed by a mild thermal treatment to obtain the transition metal 
oxides. The resulting coulombic efficiency was ca. 85% [7]. In that 
communication, the mechanism causing the improved reversibility 
in the first cycle was left for further studies [8]. In addition, the use 
of cobalt in the composition posed the usual cost and environmen¬ 
tal concerns. 
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In this work, new Fe-Ni oxides films are prepared and evaluated 
in lithium test cells. It is found that the coulombic efficiency is pre¬ 
served in the absence of cobalt. Moreover, the origin of this unu¬ 
sual and interesting behavior is studied by a combination of 
electrochemical, X-ray and electron diffraction and spectroscopic 
techniques which provide different clues for the understanding 
of this behavior. 


2. Experimental 

For the preparation of FeNi deposits, stoichiometric amounts of iron(II) sulfate 
and nickel(II) nitrate (Fe:Ni = 1:1, cone.: 0.02 M) were dissolved in deionized water. 
The electrodeposition experiments were carried out at room temperature, using 
-5 mA cm -2 current density during two different periods of time: 240 and 
1200 s. Programmable galvanostat/potentiostat PGSTAT12 Autolab and Arbin 
instruments with a glass reference electrode (Ag/AgCl) and a platinum wire as 
counter-electrode were used. The deposits were obtained on 170 pm-thick Ti foil 
(99.7% purity) and were used as working electrodes. In order to obtain the oxidized 
Fe-Ni materials for lithium test cells, the as-deposited films were treated at 450 °C 
in air for 2 h. Cyclic voltammetric experiments (at 10 mV s -1 ) for deposition of sin¬ 
gle Fe 2+ and Ni 2+ ions and mixed Fe-Ni ions on Ti foils were carried out from the 
open circuit potential to -2.5 V, going first in the cathodic direction. For that pur¬ 
pose a PGSTAT302N instrument is used. The aqueous electrolytes contains 0.04 M 
Ni(N0 3 ) 2 -6H 2 0, 0.04 M FeS0 4 -7H 2 0, and a mixture of Ni(N0 3 ) 2 and FeS0 4 -7H 2 0. 

Grazing-Incidence Small-Angle X-ray Diffraction (GISAXRD) patterns were ob¬ 
tained in an EQ. 31 04 Panalytical X’Pert PRO MPD system with Cu Ka and Mo Ka 
radiations. Scanning electron micrographs were obtained with a JEOL-SM6300 
and transmission electron micrographs with a JEOLJEM 2100 instrument, respec¬ 
tively. Nitrogen adsorption-desorption isotherms were obtained with a Quanta- 
chrome-Nova instrument at 77 K. The sample was previously degassed under 
vacuum at 200 °C. The chemical state and compositions of electrode materials were 
analyzed using X-ray Photoelectron Spectroscopy (XPS, SPECS Phobios 150MCD) 
using Mg Ka source and a chamber pressure of 4 x 10 -9 mbar. 

The electrochemical study was performed using Arbin and Bio-Logic MPG-2 
multichannel potentiostat/galvanostat systems. The cells were mounted in an ar¬ 
gon-filled glove box with moisture and oxygen levels below 2 ppm. The cells can 
be summarized as Li/1 M LiPF 6 (EC:DMC = 1:1 in mass ratio)/FeNi-based electrodes. 


3. Results and discussion 

The electrodeposition experiments on the surface of the tita¬ 
nium foil were followed by recording potential-time curves 
(Fig. 1A). The potential transients showed an abrupt decrease in 
voltage in less than one second (ca. 0.2 s), followed by an increase 
until a constant voltage value of ca. -1.15 V vs. Ag/AgCl was 
reached. The drop in voltage is indicative of an increase in the elec¬ 
troactive area, as the number of nuclei increases and/or the inde¬ 
pendent nuclei grow in size. The constant region occurs when 
nucleation and growth processes have taken place. The Faraday’s 
law showed contents of 0.35 and 1.8 mg cm -2 of metal oxides in 
the films prepared by 240 and 1200 s experiments, respectively. 
In order to have accurate electrode material mass, ICP analyses of 
the oxidized films were performed. For that purpose, the deposits 
were dissolved with 1 mL of HN0 3 and 3 mL of HC1 heating at 
75 °C during few minutes and then rinsed with distilled water until 
a total volume of 100 mL. The ICP confirmed the presence of 0.30 
(0.13 mg cm -2 for NiO and 0.17 mg cm -2 for Fe 2 0 3 ) and 
1.33 mg cm -2 (0.54 mg cm -2 for NiO and 0.79 mg cm -2 Fe 2 0 3 ) of 
metal oxides for the thin films prepared during 240 and 1200 s, 
respectively. Deposits film can reach as much as 5 pm thick for 
1200 s of deposition (insets Fig. 1), five times higher than for short 
time (1 pm), with a similar rough texture and with numerous or¬ 
derly nanosheets interconnected between them and forming a 
microporous structure. EDX measurements showed a 1:1::Fe:Ni 
ratio in both samples (Fig. 1, inset). These ratios are in contradic¬ 
tion with the fact that each metal has a characteristic reduction po¬ 
tential. Nickel is nobler than iron and is expected to be reduced 
more easily (normal co-deposition). However, anomalous co-depo¬ 
sition is a phenomenon commonly found in the electroplating of 
alloys containing iron and other metals, such as nickel or cobalt 




Voltage / V vs. Ag/AgCl 


Fig. 1. (A) Potential vs. time curve recorded during the process of co-deposition of 
the binary FeNi alloy at -5 mAcm -2 . Insets: Energy dispersive X-ray analysis and 
SEM images of the film (for 240 and 1200 s of deposition time). (B) The cyclic 
voltammograms recorded at the sweep rate of lOrnVs -1 in the electrolytes 
containing 0.04 M Ni(N0 3 ) 2 -6H 2 0, 0.04 M FeS0 4 -7H 2 0, and a mixture of Ni(N0 3 ) 2 
and FeS0 4 -7H 2 0. 


[9-11 ]. Thus, it was found that the Fe 2+ ions are reduced and incor¬ 
porated to the substrate together with Ni 2+ ions, as the reduction of 
the less noble metal ions is a catalyzed process. Cyclic voltammet¬ 
ric experiments (at 10 mV s _1 sweep rate) for deposition of single 
Fe 2+ and Ni 2+ ions and mixed Fe 2+ , Ni 2+ ions on Ti foils were carried 
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out from the open circuit potential to a potential cathodic limit of 
-2.5 V, and anodic limit of 0.0 V vs. Ag/AgCl (Fig. lb). During the 
first cathodic sweep, there was no reaction until ca. -1.0 V, in 
agreement with the initial oxidation state of the transition metals. 
Then deposition starts with an increase of the cathodic current tak¬ 
ing place at-1.17,-1.10 and -1.0 V (vs. Ag/AgCl) that is attributed 
to the nucleation and growth of Ni, Fe and mixed Fe-Ni. However, 
it should be noted that Fe 2+ and Ni 2+ ion deposition occurs by the 
reduction of these species with simultaneous hydrogen evolution 
which must be pronounced at potentials more negative than 
-1.3 V. Due to the concomitant pH increase in the vicinity of the 
electrode surface due to massive hydrogen evolution, it is possible 
that M 2+ ions react with OH' ions forming hydroxides or hydrated 
oxides which precipitate and prevent further deposition of metal 
powders [12]. This would explain that what we describe as anom¬ 
alous co-deposition is in fact a complex phenomenon including 
hydroxide precipitates. It should be remarked that the as-prepared 
deposits do not show interesting electrochemical performance in 
lithium test cells. Thus they are only intermediates to the annealed 
films which are characterized below in more detail. 

During the thermal treatment at 450 °C, the FeNi deposits were 
oxidized. The presence of the oxide products is confirmed below by 
TEM, GISAXRD, XPS and the electrochemical reaction with lithium. 
The high-resolution TEM (HRTEM) images in Fig. 2 reveal that the 
structure of the material deposited for 240 s is comprised of very 
few nano-crystallites with grain size ranging between 5 and 
10 nm. Lattice fringes were only visible in a reduced number of re¬ 
gions in the sample, indicating that this material is not completely 
amorphous, but neither highly crystalline in nature (Fig. 2). The 
corresponding electron diffraction pattern in Fig. 2 reveals Debye 
circles ascribable to (104) and (110) reflections of oe-Fe 2 0 3 and 



(012) and (110) reflections of NiO, in good agreement with the re¬ 
sults discussed below. Reflections ascribable to the titanium (JPDS 
# 05-0682) current collector were clearly detected in the GISAXRD 
patterns (Fig. 2). Also, with the aid of GISAXRD measurements, it 
was possible to study more accurately the thin film deposits than 
with standard XRD. Thus, the pattern corresponding to the oxi¬ 
dized thin films exhibits broad and low intensity peaks located 
around 33.2°, 35.6° and 62.6° (2 6 ), corresponding to the (104), 
(110) and (214) reflections of Fe 2 0 3 (hematite, JPDS # 33-0664), 
and peaks at 37.3°, 43.2°, and 62.9° (2 6 ), corresponding to (101), 
(012) and (11 0) reflections of NiO (JPDS # 44-1159). When using 
Molybdenum radiation additional (202) reflection of a-Fe 2 0 3 
(d = 2.079 A) is detected as well as the (012) reflection of NiO 
phase (Fig. 2). Therefore, an inherent advantage of the electro¬ 
chemical deposition technique is the suitable control of the 
amount, crystallinity and phases of the electrodeposited species. 

XPS measurements were performed to better understand the 
chemical composition of FeNi-based thin films. Fig. 3 shows XPS 
spectra measured of oxidized FeNi alloy film at 450 °C before the 
reaction with lithium. The Fe 2p core levels are split into 2pi /2 
and 2p 3/2 components, due to the spin-orbit coupling. A signal at 
711.4eV of Fe 3+ is clearly detected. As found in Fe 2 0 3 -containing 
materials [13-15], the shake-up satellite line characteristic for 
the Fe 3+ species is visible at 719 eV in Fig. 3. From the Ni 2p spectra 
in Fig. 3 the Ni 2p 3/2 peak at 856 eV and Ni 2pi /2 peak at 873.4 eV 
entail the presence of Ni ions in the divalent state [16,17]. These 
results suggest that the composition of the whole film thickness 
is a mixture of Fe 2 0 3 and NiO as suggested also by SAED-TEM 
and GISAXRD patterns. 

The electrochemical conversion reactions of Transition Metal 
Oxides (TMOs) having rock-salt or spinel-type structures are well 




Fig. 2. Upper: Cu Koc and Mo Koc GISAXRD and Lower: TEM images (HREM and SAED) of samples deposited 240 s (left) and 1200 s (right). 
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Fig. 3. XPS spectra of Fe 2p (left) and Ni 2p (right) for oxidized FeNi alloy at 450 °C prepared at short deposition times of 240 s (upper), after partial lithiation (middle) and 
discharged at 0 V (bottom) under GITT regime. 


known [18-20]. The transition metal reduction is reflected in the 
galvanostatic curve of the first discharge by a plateau. The extent 
of this plateau matches fairly well with the number of electrons- 
mol required for the complete reduction of the transition metal 
to their metallic state [21,22]. In contrast to insertion reactions, 
the average voltage of the second discharge branch in conversion 
materials is significantly shifted to higher voltages, owing to the 
nanometric character of TMO particles reoxidized after the first 
charge against the pristine crystalline TMO [23-25]. Up to now, 
using nanocrystalline TMO powders as starting active materials 
for conversion reactions is known to result in superior kinetics 
and the accomplishment of high capacities at relatively high rates 
for an extended cycling [6,26]. However, the shift in cell potential 
and the irreversible capacity of the first cycle has not been greatly 


reduced. A better control on these parameters by using an alterna¬ 
tive approach in the preparation of the materials is the main objec¬ 
tives of this report. 

The electrochemistry of the different materials prepared in this 
work is described in the next section by means of galvanostatic 
tests and their derivative curves (Fig. 4A and B). For comparison 
with electrodeposited-annealed FeNi-based electrode, the dis¬ 
charge and charge curves of electrodeposited-annealed pure Fe 
based electrode and electrodeposited-annealed pure Ni based elec¬ 
trode are provided. Their reversible capacities are 915 mA h g -1 (or 
220 pA hem -2 ) and 620mAhg _1 (225 pA h cm -2 ), respectively 
(Table 1). In second discharge the potential of the reaction is 
shifted from 0.7 to 1.2 V for Ni-based electrode and from 0.8 to 
1.0 V for Fe-based electrode (Fig. 4B). Their profiles are very similar 
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Voltage / V vs. Li + /Li° 


Fig. 4. (A) Galvanostatic discharge/charge curves of electrodeposited (240 s) and oxidized (450 °C): (upper) FeNi-based thin films, (middle) Ni-based thin film, and (bottom) 
Fe-based thin films. (B) Their corresponding derivative curves recorded from Li test cells. Cycling rate was 50 pA cm -2 and voltage windows 0.01-3.0 V. 


to those described in the above paragraph for crystalline solids. On 
the contrary, for the poorly-crystalline oxidized FeNi deposits 
(240 s), the mechanism of reaction with Li is far away from that ob¬ 
served in bulk crystalline metal oxides. Thus, no shifting in voltage 
from first to second discharge was observed because was kept 
invariable around 0.85 V. Moreover, the Li test cells showed a slop¬ 
ing voltage accounting for 100 pA h cm -2 (~282 mA h g _1 ) during 
the initial step of the first discharge (Fig. 4), which is followed by 


a short quasi-plateau with around 125 pAhem -2 (~353 mA 
hg -1 ). These features can be easily discerned in the derivative 
curves as a broadened signal at 1.5 V and a large peak at 0.8 V, 
and may be associated with electrolyte decomposition and reduc¬ 
tion of Fe 3+ and Ni 2+ , respectively (Fig. 4). Eventually, a small 
reversible broadened band at 0.3 V reflects the formation of a 
polymeric gel-like layer and/or the accumulation of charge at the 
nanometric interphase between Li 2 0 and M° has been reported 
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Table 1 

Values of theoretical capacity, first discharge capacity (include reversible and irreversible reactions) and efficiency from first to second cycle of different electrodes materials used 
in Li test cells. 


Electrode 

Th. capacity (mA h g ') 

1st Discharge capacity (mA h g 1 ) 

Efficiency from 1st to 2nd cycle (%) 

Reference data 

NiO 

717 

800 

78 

Refs. [37,39] 



820 

77 

Refs. [38,40] 



930 

65 

Present work 

Fe 2 0 3 

1007 

1575 

77 

Ref. [30] 



1210 

58 

Ref. [41] 



1254 

71 

Present work 

FeNi-based material 

615 

843 

85 

Present work 


by other authors [27,28]. Table 1 collects a list of capacities and 
first-cycle efficiencies found in the literature for different Ni and 
Fe-based electrodes, and compared with the materials reported 
here. 

During the first charge, the profile of the derivative curve 
showed two broad and low intense bands placed at ca. 1.3 V and 
2.3 V, ascribable to metal oxidation [29]. Unlike previous reports 
on high crystallinity TMO, the most interesting feature of the sec¬ 


ond discharge is that the plateau ascribable to main reaction of me¬ 
tal reduction appears at the same voltage than that of the first 
discharge at 0.8 V (Fig. 4). Moreover, the signal at ca. 1.5 V disap¬ 
pears and a new band occurs at higher potential (ca. 1.8 V), which 
remains for successive cycles. This behavior is reproducible when 
the electrode material is cycled under potentiodynamic regime 
(see below). This behavior differs from those found in classical con¬ 
version reactions [18,20,30,31], and contributes to a higher revers- 
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Fig. 5. Upper: cycling life study of electrodeposited-annealed FeNi-based electrodes fabricated at two different times: 240 s (filled circles) and 1200 s (hollow circles). Lower: 
comparison of electrodes morphology using SEM measurement before discharge (open circuit voltage) and after charge at 3.0 V of the electrodeposited FeNi-based electrodes 
(short deposition time = 240 s). 
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ibility of the first cycle (ca. 85%, Fig. 4). Thus the capacity loss due 
to the loss of the 1.5 V band after SEI formation in the first dis¬ 
charge is compensated by the capacity associated to the develop¬ 
ment of the 1.8 V band in the second discharge. The origin of the 
latter band will be discussed in the light of the faradic/capacitive 
behavior. 

XPS of oxidized FeNi-based electrodes after reaction with lith¬ 
ium were recorded (Fig. 3). After a partial lithiation (500 mA h g -1 ) 
additional narrow peaks are observed at ca. 853 eV for Ni2p and 
706 eV for Fe2p, which can be clearly assigned to metallic Ni and 
Fe, respectively. After total discharge down 0.001 V using GITT 
the spectra consist of a unique peak of Ni and Fe elemental, indicat¬ 
ing the reduction of the metals had taken place (Fig 3). These re¬ 
sults unequivocally confirm that the conversion reaction takes 
place in the studied electrodes. 

Changes in surface energy may have a marked impact on the 
experimental cell potential of the conversion reaction, as previ¬ 
ously postulated [23]. Such effects may be responsible for the ob¬ 
served potential changes in the oxidized NiFe (Fig. 5). Thus a 
remarkable increase in surface area should not take place during 
electrochemical reactions with Li of the short-time sample. SEM 


observations confirmed the absence of visible textural changes 
upon cycling in that best sample (Fig. 5). However, in nanocrystal¬ 
line samples (powder [18,20] or film [6]), in which textural 
changes on cycling are more limited; the irreversible capacity is 
also large. Thus, a more plausible origin is the poorly crystallized 
character of the nanoparticles of the short-times sample. 

The cycling experiments of the oxidized FeNi-based thin film 
electrodes are also shown in Fig. 5. Obviously, the areal capacities 
differ according to the amount of electroactive material in the elec¬ 
trode. Therefore, the capacity of 5-times thicker thin film displayed 
a capacity of 1330 pA h cm -2 almost 5 times higher than the thin¬ 
ner film (1 pm thin film gave 295 pA h cm -2 ). The amorphous thin 
film exhibited around 840 mA h g -1 and partially crystalline thin 
film around 740mAhg -1 . The corresponding capacity retention 
over 30 cycles is 70% and 24%, respectively. 

The reasons why the oxidized FeNi (240 s) sample has better 
capacity retention are: (i) Low activation energy required to form 
the M-Li 2 0 aggregates, and (ii) better accessibility of Li + ions to 
the complete mass of active material. Both properties are enhanced 
by the nanocrystalline thin-film character of the starting material. 
The 15% of irreversibility in the first cycle is due to the electrolyte 
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Fig. 7. Upper: comparison of total capacity storage vs. scan rate in step potential 
electrodes (240 s) for: the first (left), and fifth (right) discharge. Lower: calculated b-va 
reaction) for: first-second (left), and fifth-tenth discharges (right). 
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electrochemical spectroscopy discharges of electrodeposited-annealed FeNi-based 
lues of electrodeposited FeNi-based electrodes film as a function of the potential (Li + 


decomposition and/or polymeric layer formation during the dis¬ 
charge process. Moreover, the decreased irreversibility can be also 
associated to the use of the electrodes free of additives such as 
binders (PVDF) and conductive agents (Carbon Black). 

To further understand the origin of the charge storage behavior, 
first cycle reversibility and cycling properties of the FeNi-based 
electrodes, the separation of possible capacitive and conversion 
reaction faradic contributions to the total stored charge. For this 
purpose, cyclic voltammograms using different scan rates were re¬ 
corded (Fig. 6). The analysis of these results allows discerning the 
faradic contribution due to diffusion-controlled reactions such as 
the conversion reaction, from the possible pseudocapacitive and 
double-layer contributions, that cannot be separated, according 
to previous literature [32-34]. Fig. 7 depicts the differences in 
the current distribution (total stored charge, conversion reaction 
and capacitance) as a function of scan rate of the first and fifth cy¬ 
cle. The faradic and capacitive contributions are similar when cy¬ 
cling at scan rates of 2, 5 and lOrnVs -1 (Fig. 7). In contrast, a 
high faradic contribution (92-86%) is found for first and subse¬ 
quent cycles solely when a slow scan rate is used (e.g. 0.5 mV s -1 ), 
while the capacitive contribution around 8-14% is found. 

In order to know the voltage regions that shows conversion 
reaction or capacitive response in the first and subsequent dis¬ 
charges, the slope of the log i vs. logv plots is a clear indication. This 
parameter, henceforth referred to as “b” was calculated from the 
cyclic voltammograms, by the method described by Brezesinski 
et al. [33]. The scan range used for this study is 0.5-10 mV s -1 . 
For b = l, a pure capacitive contribution is assumed. For b = 0.5, 
the current is proportional to the square root of the sweep rate 


and the process is identified as a faradic contribution from the con¬ 
version process. Fig. 7 shows that the process at 0.8 V is basically 
faradic (b close to 0.5) for first and subsequent discharges. The only 
changes observed from first to second discharge resides in the new 
availability to store capacity in the voltage window of around 
1.40-1.75 V, because a capacitive contribution is observed in sub¬ 
sequent discharges (b ~ 0.85) that replaces the irreversible faradic 
response given from electrolyte decomposition. The second cycle is 
basically reproducible for further cycles. In order to assess the pre¬ 
eminence of faradic contribution at a low kinetic rate, an alterna¬ 
tive method was applied, according to previous literature [35,36]. 
Cyclic voltammograms were recorded in the 0-1.5 mV s -1 range 
(Fig. 8). The changes in the current intensity of the D, Cl, C2 and 
S-peaks as a function of the square root of the scan rate were plot¬ 
ted in Fig. 8. The current peaks were normalized by the electrode 
area. The linear relationship observed in this plot evidences a fara¬ 
dic conversion process. 


4. Conclusions 

Electrochemical procedures provide new strategies to prepare 
electrode materials for Li-ion batteries. A preparation route of tran¬ 
sition metal oxide films is proposed, based on the deposition of 
transition metal ions followed by mild thermal oxidation in air. 
Electrochemical results in lithium test cells showed the best 
behavior of a conversion electrode in terms of first-cycle columbic 
efficiency and polarization. Discharge capacities above 600 mA 
hg -1 are found without using binder additives or conductive 
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Fig. 8. Upper: cyclic voltammograms of oxidized FeNi-based electrode at different 
scanning rates (0.1-1.5 mV s -1 ). Lower: normalized peak currents as a function of 
scan rate for D, Cl, C2 and S-peaks. 

agents. The improvement is ascribed to the combined nanocrystal¬ 
line and thin film nature of the material [37-41]. For high cycling 
rates, non-faradaic contributions replace the irreversible electro¬ 
lyte decomposition. 
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